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We predict a spin echo in electron transport through layered ferromagnetic-normal-ferromagnetic
metal structures: whereas a spin current polarized perpendicular to the magnetization direction
decays when traversing a single homogeneous ferromagnet on the scale of the ferromagnetic spin-
coherence length, it partially reappears by adding a second identical but antiparallel ferromagnet.
This re-entrant transverse spin current resembles the spin-echo effect in the magnetization of nuclei
under pulsed excitations. We propose an experimental setup to measure the spin echo.
PACS numbers: 72.25.Ba,75.70.Cn
The spin echo [1] is a remarkable phenomenon: Sub-
jecting a magnetized spin system to two rf pulses in suc-
cession with a time delay τ , the initially destroyed mag-
netic order reappears at time τ after the second pulse
seemingly out of nowhere. Hahn [1] explained the spin
echo with the following simple picture: Imagine runners
at a race track starting at the same time. Variations in
their speed spread out the platoon. However, if we or-
der the runners to suddenly turn around at time t = τ
(rf pulse) and start running with the same speed in the
opposite direction, they all meet again at t = 2τ .
In this Letter we propose a novel kind of spin echo
in magnetic nanoscale spin valves, i.e., ferromagnetic-
normal-ferromagnetic (F/N/F) layered metal systems
with antiparallel magnetization alignment. Spin valves
are the building block of current-perpendicular-to-plane
giant-magnetoresistance devices [2]. Furthermore, in spin
valves the reversal of magnetizations by a current bias has
been observed [3], which is caused by the spin torque [4],
i.e., absorption of spin-current components transversely
polarized to the magnetization direction.
Before delving into the theory, let us explain our main
idea. Consider a spin current which is injected into a fer-
romagnetic metal with a polarization perpendicular to
its magnetization. The transverse spin state is not an
eigenstate of the ferromagnet, but a coherent linear com-
bination of the majority and minority spin eigenstates
with different Fermi wave vectors kF↑ and kF↓. The
spin therefore precesses on a length scale depending on
the perpendicular component of the wave-vector differ-
ence at the Fermi energy, which depends on the angle
of incidence. In elemental ferromagnets like Co, Ni and
Fe, a large number of modes with different spin preces-
sion lengths in the ferromagnet contribute to the total
current. Their destructive interference leads to a loss
of transverse spin current inside the ferromagnet on a
length scale of λsc = π/|kF↑ − kF↓| [5, 6] (the so-called
transverse spin-coherence length), which for typical tran-
sition metals is only a few Angstroms. The lost angular
momentum is transferred to the ferromagnetic conden-
sate, which thus experiences a torque that can lead to a
magnetization reversal, as predicted by Slonczewski and
Berger [3]. In this Letter we investigate (anti)symmetric
F/N/F spin valves, in which the magnetization of the
second ferromagnet points into the opposite direction of
the first one. In such a structure the spin precession in
the first ferromagnet is time reversed in the second ferro-
magnet, the lost transverse spin current is recovered, and
the total spin torque on the magnetizations, i.e., the ab-
sorbed spin angular momentum, is significantly reduced.
Each propagating mode experiences a real reversal on
the spin coordinate on traversing the spin valve. Conse-
quently a transverse spin current can propagate through
the (anti)symmetric F/N/F spin valve. This is the mag-
netoelectronic spin echo.
Consider a section of a magnetoelectronic circuit as de-
picted in Fig. 1. The scattering region in the center is
connected to a normal metal on the left (i = 1) and to
a normal metal on the right (i = 2). Let us introduce
the non-equilibrium distribution function fˆ (i)(ǫ) for elec-
trons at energy ǫ, which is a 2 × 2 matrix in Pauli spin
space. The chemical potential matrix µˆ(i) =
∫
dǫfˆ (i)(ǫ)
contains a scalar charge contribution µ
(i)
0 = Tr
[
µˆ(i)
]
/2
and a vector spin contribution usually called spin accu-
mulation µ = Tr
[
µˆ(i)σ
]
/2, where σ is the vector of Pauli
matrices. Note that with these definitions the equilib-
rium values are µ
(1)
0 = µ
(2)
0 and µ
(1,2) = 0.
We assume that in the left and right normal metals
in Fig. 1 spin accumulations are excited by external cir-
cuits to be discussed later. We are interested in the 2× 2
matrix currents iˆ(i) at the left- and the right-hand side
of the scattering region which are induced by these spin
accumulations. When spin currents and ferromagnetic
magnetization directions are not collinear, iˆ(1) 6= iˆ(2), i.e.,
spin current is not conserved. The currents between two
normal metals with an out-of-equilibrium spin and charge
accumulation can be found either with the Keldysh tech-
nique following Ref. [5] or by using the Landauer-Bu¨ttiker
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FIG. 1: a) The scattering region couples the left (1) and right
(2) normal-metal nodes with nonequilibrium chemical poten-
tials µˆ(1) and µˆ(2). b) The scattering region consists of one
uniform ferromagnet and normal metals. c) The scattering
region consists of two identical antiferromagnetically-aligned
ferromagnets separated by a normal metal. A partial electron
spin echo can be seen in transport in this configuration.
formalism [7]. We find for the left (1) and the right side
(2) the following expressions for the matrix currents
ıˆ(1) =
1
2
∑
nm
[
tˆnmµˆ
(2)tˆ∗nm − µˆ
(1) + rˆnmµˆ
(1)rˆ∗nm
]
, (1)
ıˆ(2) =
1
2
∑
nm
[
tˆ′nmµˆ
(1)tˆ′∗nm − µˆ
(2) + rˆ′nmµˆ
(2)rˆ′∗nm
]
, (2)
where rˆn,m, tˆn,m, rˆ
′
n,m, and tˆ
′
n,m are reflection and trans-
mission matrices of the scattering region both in the
space spanned by the transverse channels (momentum
labeled by n and m) and the spin space (denoted by the
hats).
For a specific scattering region with fixed ferromag-
netic magnetization directions parallel or antiparallel to
the spin-quantization axis (z direction) and disregarding
spin-flip scattering, the transmission matrices are spin
diagonal, (tˆnm)s,s′ = δs,s′t
s
nm, where t
s
nm is the transmis-
sion coefficient for an electron with spin s (s =↑, parallel,
and ↓, antiparallel). Same holds for the transmission co-
efficients t′snm as well as the reflection coefficients r
s
nm and
r′snm.
The spin and charge currents through the scattering
region depend on both the charge and the spin chemical
potentials. In order to simplify the discussion, we assume
in the following that the normal metals are spin but not
charge biased, µ
(1)
0 = µ
(2)
0 . This is a perfectly realistic
situation, as outlined in Refs. [8, 9], and does not imply
any loss of generality for our purposes. We first compute
the spin current I(2) = Tr
[ˆ
i(2)σ
]
on the right of the
scattering region and find its components to be:
I(2)x =
[
gt
′
Rµ
(1)
x + g
t′
I µ
(1)
y
]
−
[
gr
′
Rµ
(2)
x + g
r′
I µ
(2)
y
]
,
I(2)y =
[
gt
′
Rµ
(1)
y − g
t′
I µ
(1)
x
]
−
[
gr
′
Rµ
(2)
y − g
r′
I µ
(2)
x
]
,
I(2)z = g
[
µ(1)z − µ
(2)
z
]
, (3)
where the conductances associated with
transmission and reflection are gt
′
=∑
nm t
′↑
nmt
′↓∗
nm, g
r′ =
∑
nm
[
δnm − r
′↑
nmr
′↓∗
nm
]
,
g = (1/2)
∑
nm
[∣∣t′↑nm
∣∣2 + ∣∣t′↓nm
∣∣2], and the subscripts R
and I refer to real and imaginary parts, respectively.
Similarly, the current on the left of the scattering region
I
(1) is expressed as Eq. (3) with the conductances gt
and gr denoting the substitutions t′ → t and r′ → r and
with the substitutions 1↔ 2.
Let us now discuss the physical content of Eq. (3).
First, the longitudinal component of the spin current
(i.e., the component of the spin current collinear to the
magnetization in the scattering region, which is the z
direction) is conserved, as expected, I
(1)
z + I
(2)
z = 0. Sec-
ond, if the scattering region would be a normal metal, the
transmission and reflection coefficients are spin indepen-
dent and consequently the x and y components of the spin
current are conserved as well. When the magnetization
directions in the scattering region are noncollinear with
the spin accumulations, the transverse spin current is not
necessarily conserved, so that in general I
(1)
x + I
(2)
x 6= 0,
I
(1)
y +I
(2)
y 6= 0. As explained above, for a single ferromag-
netic layer thicker than the ferromagnetic spin-coherence
length λsc, we know that g
t and gt
′
vanish rapidly. The
transverse spin current is then exclusively determined by
the (reflection) spin-mixing conductance gr [5]. For high-
density metallic systems, the phases of r↑ and r↓ are large
and uncorrelated, and therefore gr ≈ gS ≈ g
r′ , where gS
is the Sharvin conductance given by the number of prop-
agating channels in the normal-metal leads. The conven-
tional conductance g for the longitudinal spin component
is determined by the transmission probability for spin-up
and spin-down electrons. The spin currents are then sim-
ply I
(2)
z = g(µ
(1)
z − µ
(2)
z ) = −I
(1)
z , and I
(1,2)
x,y = −gSµ
(1,2)
x,y .
The latter expression represents the loss of spin current
that is directly proportional to the spin torque [10].
Let us now turn to the main subject of this paper,
the F/N/F spin valve in Fig. 1c. The lengths of the left
and right leads are irrelevant for the transport properties,
and we may define a scattering matrix for the left half
of the scattering region (consisting of the left normal-
metal lead with a length equal half of the normal metal
spacer, the left ferromagnet, and half of the normal metal
spacer) and the similar right half. The total scattering
matrix can be found by concatenation, most conveniently
3for a spin-quantization axis collinear to the magnetiza-
tion. The (spin-dependent) transmission and reflection
matrices for the entire scattering region then read
ts = ts2[1− r
′s
1 r
s
2]
−1ts1 (4)
rs = rs1 + t
′s
1 r
s
2[1− r
′s
1 r
s
2]
−1ts1 (5)
where s denotes the spin of the electron and subscripts 1
and 2 left and right regions of the scatterer, respectively.
Similar expressions hold for t′ and r′.
The spin valve is usually opaque for the transverse spin
component. In order to observe the spin echo, the device
must be structurally symmetric and clean, with antipar-
allel magnetization configurations. In general, the trans-
mission (4) and reflection (5) matrices are nondiagonal
in the space spanned by the transverse waveguide modes.
For clean systems with specular scattering, reflection and
transmission matrices in Eqs. (4) and (5) are diagonal
in the transverse wave vector [11]. Furthermore, for
mirror-symmetric ferromagnetic layers and an antiparal-
lel and symmetric F/N/F spin valve for a suitable gauge
choice symmetry dictates that t↑1,ii = t
′↑
1,ii = t
↓
2,ii = t
′↓
2,ii,
t↓1,ii = t
′↓
1,ii = t
↑
2,ii = t
′↑
2,ii, r
↑
1,ii = r
′↑
1,ii = r
↓
2,ii = r
′↓
2,ii, and
r↓1,ii = r
′↓
1,ii = r
↑
2,ii = r
′↑
2,ii, so that
t↑ = t↓ = t↓1t
↑
1[1− r
↑
1r
↓
1 ]
−1 . (6)
We find that gtI = 0 and g
t′
I = 0, but in contrast to the
single ferromagnetic layer, gtR and g
t′
R are nonzero, which
implies that a transverse spin current is permitted now.
This is the spin echo in electron transport: The trans-
verse spin coherence apparently lost on traversing the
first ferromagnet, reappears after passing through the
second ferromagnet, since gt = gt
′
= g. On the other
hand there is no connection between r↑ and r↓. Con-
sequently, the reflection mixing conductance is approxi-
mately equal to the Sharvin conductance, gr ≈ gS, and
is not affected by the second ferromagnet. The current
in the right lead is thus
I(2)α = gµ
(1)
α − g
rµ(2)α , (α = x, y) , (7)
I(2)z = g
[
µ(1)z − µ
(2)
z
]
(8)
and the current in the left lead becomes
I(1)α = gµ
(2)
α − g
rµ(1)α , (α = x, y) , (9)
I(1)z = g
[
µ(2)z − µ
(1)
z
]
. (10)
The first terms on the right-hand side of Eqs. (7) and
(9) provide a quantitative expression for our spin echo in
clean systems. Note that, although a transverse spin cur-
rent is allowed through the sample, it is not conserved,
I1x + I
2
x 6= 0, and I
1
y + I
2
y 6= 0, as g
r ≈ gS > g, and the
total magnetization torque on the spin valve is not com-
pletely quenched. Whereas the transmission mixing con-
ductance is now strongly enhanced, the reflection mixing
conductance is essentially unmodified, as noted above,
and continues to exert a torque on the spin valve. The
transmission of the transverse spin current suppresses an
important contribution to the torque present in single-
layer ferromagnets [6, 12], however.
In order to observe the spin echo, the transverse wave
vector must be conserved, because otherwise the electron
precession through the second ferromagnet is not exactly
time-reversed compared to that of the first ferromagnet.
Disorder such as impurity scattering, interface alloying,
and layer thickness fluctuations is detrimental to the spin
echo. The coherent propagator or transmission coeffi-
cient is exponentially damped on the length scale of the
mean free path. This is not of much concern, because
the mean free path in bulk materials can be much larger
than the film thicknesses in multilayers. More critical is
the interface quality, since monolayer fluctuations of the
layer thickness can already significantly dephase the spin
echo. One might therefore question the observability of
the spin echo in state-of-the-art transition-metal struc-
tures in which transport is usually well described by the
classical series-resistor model [2]. There are several rea-
sons to be optimistic, however. For one, the nonlocal
exchange coupling in magnetic multilayers is a robust
quantum-interference effect routinely observed in multi-
layers, oscillating not only as a function of the normal-
but also of the magnetic-layer thickness [13]. Further-
more, transport experiments with focused electrons, ei-
ther by tunneling barriers [14] or by hot carriers [15]
are indicative of specular scattering at high-quality in-
terfaces. Indeed, conventional transport in high-density
metallic structures consists of a large semiclassical back-
ground with relatively small quantum corrections [16]. In
contrast, the spin-echo signal vanishes in the semiclassi-
cal approximation. The suppression of the spin echo by
disorder thus provides direct information about the de-
gree of quantum interference in electron transport.
First-principles band-structure calculations can pro-
vide quantitative estimates for the magnitude of the spin
echo [10]. Such calculations can provide important in-
formation on the effect of interband scattering, impurity
scattering at interfaces and bulk disorder on the sup-
pression of the spin echo. We expect that a thickness
difference between the two ferromagnetic layers would
roughly suppress the spin echo as a single ferromag-
netic layer of width equal the difference would suppress
a transverse spin current. We thus estimate that the
spin echo signal decays to 10-20 % of its original value
by one atomic layer mismatch, and that the decay is
algebraic[6]. A small misalignement θ of the magne-
tizations is not detrimental to the spin echo since the
difference in phase shifts traversing the ferromagnets is
small, ∆φ = kFLF [cos(θ) − 1] ≈ kFLF θ
2/2 > 2π, which
gives θ2 < 2(λF /LF ). This is easily satisfied e.g. for
LF = 20λF resulting in θ < 18 degrees.
We suggest a double-layer thin-film arrangement
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FIG. 2: Proposed experiment to observe the spin echo. Grey
areas denote ferromagnetic layers. The spin echo is measured
via the angular dependence of the potential U(θ) (or simply
by its drop when θ is changed from 0 to pi).
shown in Fig. 2a for experimental observation of the spin
echo. The F3/N/F4 spin valve should be thinner than
the mean free path for impurity scattering. A Co/Cu/Co
structure with a copper-layer thickness corresponding to
the first antiparallel-coupling energy minimum should be
a good choice because the spin flip in these materials is
weak. Besides, this system, in particular its fabrication,
is thoroughly investigated. The transverse spin accumu-
lation driving the spin current through layers F3 and F4
can be excited by a spin battery operated by ferromag-
netic resonance [8] or by a current-biased antiparallel spin
valve with ferromagnets F1 and F2 whose magnetizations
are rotated by 90 degrees with respect to F3 and F4, anal-
ogously to the spin-torque transistor [17]. The biased
ferromagnets F1 and F2 create a spin accumulation in
the normal metal between them. This spin accumulation
can traverse the F3/F4 spin valve only when conditions
for the spin echo are fulfilled. In that case, an induced
spin accumulation in the upper normal metal, and hence
the spin echo, can be detected as a voltage depending on
the magnetization angle θ of ferromagnet F5 as sketched
in Fig. 2b.
In conclusion, we predict a magnetoelectronic spin echo
in spin valves. This is a sensitive measure of quantum
coherence in metallic magnetic multilayers.
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Note added: The supercurrent through anti-parallel
spin valves predicted independently by Blanter and
Hekking [cond-mat/0306706] can be interpreted as a
manifestation of our spin echo.
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